Spruce sawdust (lignocellulose material) was magnetically modified after contact with a water-based magnetic fluid containing maghemite nanoparticles. This procedure allows one to use the prepared material as a new magnetic affinity adsorbent in magnetic separation techniques. The magnetic sawdust was investigated by means of electron spin resonance spectroscopy and conventional magnetic methods over the temperature range 4-300 K.
Introduction
Magnetically modified biocompatible materials, containing magnetic nanoparticles as labels, have attracted much attention because of their great potential as magnetic affinity adsorbents for various biologically active compounds. They have been successfully applied for the magnetic separation of various proteins (enzymes, antibodies, antigens, receptors), nucleic acids (DNA, RNA, oligonucleotides), lowmolecular weight biologically active compounds (drugs) and xenobiotics (carcinogens, water soluble dyes, heavy metal ions, radionuclides) [1, 2] .
Magnetic separation techniques have many interesting applications in different areas of biosciences. They are alternative methods to gravitational or centrifugal separation techniques. However, for large-scale applications (e.g. in biotechnology or environmental technology), the finding of relatively cheap and readily available magnetic adsorbents is necessary.
It has been known for a long time that plant-based materials (different types of sawdust) have an affinity for different biologically active compounds such as enzymes (e.g. trypsin [3] , urokinase [4] , elastase [5] , cellulases [6] ) or polyphenols [7] . Moreover, many organic compounds such as acid and basic dyes and oils [8, 9] and heavy metal ions [10] have been efficiently adsorbed on these materials.
Inspired by these experiments, we directed our attention to the possibility of application of magnetically modified plant-based materials as new inexpensive and readily available magnetic adsorbents, which could be used for the separation and purification of biologically active compounds and xenobiotics. We prepared and characterized [11] a new ferrofluid-modified lignocellulose material (spruce sawdust) containing maghemite nanoparticles as magnetic labels.
The prepared material was tested as a possible adsorbent for binding of different substances [11] .
It efficiently adsorbed selected water-soluble organic dyes, namely, a triphenylmethane dye (crystal violet), an acridine dye (acridine orange), a disazo dye (Bismarck brown Y) and an azin dye (safranin O). It was also successfully used for the batch separation of different enzymes such as proteolytic enzymes (trypsin, bacterial protease produced by a strain of Bacillus sp.) and hen egg white lysozyme. The degree of lysozyme purity increased from 65% (a technical preparation) to 96% (after the magnetic sawdust treatment) [11] .
A possibility of using magnetically modified lignocellulose as the magnetic adsorbent in magnetic separation procedures was tested by means of magnetization measurements [11] . The prepared material displayed superparamagnetic behaviour at room temperature, with a transition to a blocked state at T B = 280 K for the applied field B = 2 mT. The experimental results showed that the magnetic behaviour of the sample was dominated by the superparamagnetic relaxation of isolated single domain maghemite particles. However, a certain amount of agglomerates of particles coupled by magnetic dipolar interactions was also present.
This paper complements the information presented in the previous work [11] . It reports on the magnetic properties of the ferrofluid-modified spruce sawdust observed by means of electron spin resonance (ESR), dc magnetization and ac susceptibility measurements.
These studies are of considerable interest for the development of new inexpensive magnetic affinity adsorbents, which could exhibit peculiar features enabling their rapid and efficient removal not only from solutions but also from suspensions. Such materials could be efficiently used to isolate rare biologically active compounds from difficult-to-handle materials including raw extracts, blood and other body fluids, cultivation media, environmental samples, etc.
Experimental details

Preparation of the sample
The lignocellulose material (spruce sawdust) was sieved to obtain particles with a diameter of less than 0.5 mm. It was modified by contact with water-based magnetic fluid containing maghemite nanoparticles.
Water-based ionic magnetic fluid stabilized with perchloric acid was prepared using the standard Massart procedure [12] ; the relative magnetic fluid concentration (25.8 mg ml −1 ) was given as the maghemite content determined by a colorimetric method [13] . The presence of maghemite was confirmed by Mössbauer measurements (data not shown).
Sawdust of 500 mg was suspended in 7 ml of methanol in a test tube and then 1 ml of ferrofluid was added. The suspension was mixed on a rotary mixer (Dynal) for 1 h. During this time almost complete adsorption of ferrofluid on the sawdust occurred. Then the magnetic sawdust was repeatedly washed with water and stored at 4
• C.
Magnetic and microscopy characterization
All magnetic measurements were performed in a wide temperature range 4-300 K. Dc magnetization and ac susceptibility data were collected using an extraction magnetometer MagLab 2000 System (Oxford Instruments Ltd). Dc magnetization was measured in the applied field ±300 mT. For ac magnetic susceptibility measurements, we have used an excitation field of 1 mT and driving frequencies in the range 36-2237 Hz.
ESR measurements were performed by means of a standard X-band spectrometer (Bruker ESP 300 E) operating at 9.46 GHz with 100 kHz field modulation. Resonance absorption was measured as a first derivative of the absorbed microwave power versus magnetic field.
The magnetically modified sawdust and the ferrofluid used for magnetic modification were also studied by means of a Jeol 1010 transmission electron microscope (for details see [11] ).
Results and discussion
Transmission electron microscopy (TEM)
Analysis of TEM micrographs of magnetic sawdust showed the presence of both individual magnetic nanoparticles and their aggregates on the ultrathin sections of sawdust particles [11] . These nanoparticles were roughly spherical in shape.
The TEM analysis of the ferrofluid used for magnetic modification allowed the determination of dimensional distribution of maghemite nanoparticles. Figure 1 shows the TEM image of the ferrofluid and the histogram of particle size distribution obtained using samples containing at least 160 particles. The size histogram is satisfactorily described by a log-normal distribution of the particle diameters with mean particle diameter D = 13.8 nm and standard deviation σ = 0.1.
Dc magnetization measurements
To better understand the magnetic properties of this system we performed magnetization measurements as a function of temperature and applied magnetic field. In the previous paper [11] we presented a detailed analysis of temperature dependences of magnetization measured in a zero field cooled-field cooled (ZFC-FC) regime at the applied field of 2 mT. The ZFC-FC magnetization curves showed typical superparamagnetic behaviour. They coincided with each other above the blocking temperature, T B = 280 K, and separated below this temperature. The ZFC curve showed a maximum associated with the transition between the superparamagnetic and blocked state. Moreover this maximum was very broad indicating the existence of dipole-dipole interactions between the particles, which may lead to the formation of small agglomerates and thus a wide distribution in particle size ranging from ultrafine isolated particles up to particle aggregates.
Above the blocking temperature, the field dependent magnetization curves of the as-prepared material showed the superparamagnetic behaviour indicated by the absence of hysteresis [11] . At lower temperatures the magnetization versus temperature data displayed hysteresis and confirmed that the maghemite nanoparticles were in the ferrimagnetic state.
The hysteresis loops were measured one by one at selected temperatures ranging from 5 up to 300 K [11] . A continuous reduction of the coercivity and remanence was observed with increasing temperature but both parameters did not vanish to zero even at room temperature. It means that after the series of measurements the pure superparamagnetic state of all the particles at 300 K was not achieved. This allows us to suppose that when the prepared material is exposed to the external magnetic field during the measurements, the magnetic particles show a tendency to form small chain-like agglomerates. Such agglomerates have a higher energy barrier Magnetization curve measured at room temperature-the points correspond to the experimental data, the solid line represents the fit according to equation (1) . The inset shows the resulting log-normal distribution function of particle diameters.
for the magnetization reversal [14] that leads to an increase in the coercivity. Figure 2 shows the field dependent magnetization curve of the as-prepared material obtained at room temperature. Its shape, with the zero value of the remanence and coercivity, is typical of particles in the superparamagnetic state and can be described by the Langevin function [15] . To take into account the effects of size dispersion always present in any real system, the magnetization is better fitted to a weighted sum of Langevin functions [15] . Additionally, in the case of magnetically modified biological material, this function has to be modified to include a diamagnetic contribution. The magnetization curve of the system can therefore be described by [15] 
M(T , H )
where T is the temperature, H is the applied magnetic field, a represents the diamagnetic contribution, k B is the Boltzmann constant, µ = πM
is the magnetic moment of each particle, M P S is the particle magnetization density, M S S is the saturation magnetization of the sample. f (D) is a lognormal distribution function, which, for spherical particles with diameter D, has the form [15] 
where D is the mean diameter and σ is the standard deviation of D. The value of the saturation magnetization M The estimated mean magnetic moment of the particle is thus around 30 380 µ B .
The particle size estimated earlier from the TEM micrograph is somewhat larger than that obtained from the magnetization measurements. This difference is due to the fact that the volume calculated using magnetic methods is not the real volume of the particle, but the magnetic volume and it depends on the measuring technique.
Ac susceptibility measurements
In order to study the effects of interparticle interactions on the dynamics of the blocking process, we have measured the temperature dependences of the in-phase (real) component χ (T ) and the out-of-phase (imaginary) component χ (T ) of the ac magnetic susceptibility for different frequencies f of the excitation field, as shown in figure 3 . The experimental data exhibit the expected behaviour of a superparamagnetic system, i.e. the occurrence of a maximum in both components χ (T ) and χ (T ) at different temperatures T m and T m which shift towards higher temperatures with increasing frequency f [16] . At about 280 K a kink is seen in both χ (T ) and χ (T ) curves, which is associated with the melting point of the solution. At low temperatures the χ (T ) curve shows oscillations, which are due to the imperfection of the experimental system.
The real component of the ac susceptibility shows a value not equal to zero for T approaching zero (see the upper panel of figure 3 ). It may be due to the presence of small chain-like agglomerates of particles coupled by magnetic dipolar interactions. These interactions modify the magnetic behaviour of the system introducing a collective component which has an influence on the low temperature magnetic relaxation. It has been shown [16] that the magnetic relaxation of an interacting nanosized magnetic particle system at low temperatures is extended towards longer time scales as compared with the relaxation of a non-interacting particle system. Another indication of the influence of magnetic dipole-dipole interactions on the dynamics of the sample comes from the increasing with increasing frequency of the height of the peak in χ (T ) (see the lower panel of figure 3 , whereas it is almost constant with frequency for a noninteracting system [16] . The empirical parameter [17] , which represents the relative shift of the temperature T m per interval of frequency
calculated from the frequency dependence of the maximum in the imaginary χ (T ) part of the ac susceptibility is equal to 0.10. This value is in good agreement with the 0.1-0.13 values found for superparamagnetic systems [17] . As expected for a thermally activated blocking process, the maxima of both χ (T ) and χ (T ) show an exponential dependence of the applied frequency given by the Néel-Arrhenius law [18] 
where f 0 is an attempt frequency of the order of 10 9 -10 11 Hz for superparamagnetic systems, k B is the Boltzmann constant and E a is the magnetic anisotropy energy barrier. Figure 4 shows the observed frequency dependence of the maximum in the imaginary χ (T ) part of the ac susceptibility. The observed linear dependence of ln(f ) versus 1/T m indicates that the Néel-Arrhenius model correctly fits the data. The fitted parameters related to the solid line are f 0 = 2 × 10 11 Hz and E a /k B = 5675 K.
From the fitted value of the energy barrier it is possible to estimate an effective magnetic anisotropy constant K eff , which is given by E a = K eff V , where V is the average particle volume. Using the average particle diameter D = 13.8 nm from the TEM data, we obtained
The resulting effective anisotropy constant is approximately an order of magnitude larger that the first-order magnetocrystalline anisotropy constant of bulk maghemite K bulk 1 = 4.7 kJ m −3 [19] , indicating an additional source of magnetic anisotropy to the singleparticle energy barriers. Such enhancement is customarily observed in nanoparticles and attributed to dipolar interactions (for concentrated systems) and/or surface effects (in diluted systems) [20, 21] . Since the TEM images showed that the present maghemite particles are nearly spherical, no major contribution from surface anisotropy should be expected, because it was demonstrated from symmetry arguments [22] that a perfect spherical particle should have a zero net contribution from surface anisotropy. Consequently, the observed enhancement of the effective magnetic anisotropy constant should be mainly related to the effect of magnetic dipolar interactions. These results are in agreement with TEM observations and magnetization measurements, which confirmed the formation of nanoparticle agglomerates.
ESR measurements
In order to give a deeper insight into the nature of the magnetic structures described above, we performed ESR measurements. The exemplary ESR spectra of magnetically modified lignocellulose recorded at various temperatures and their main components fitted using the Gaussian distribution function are presented in figure 5 . The room temperature spectrum consists of two main magnetic contributions:
• A broad intense signal, recorded at higher magnetic fields (the HF signal), with the peak-to-peak line width B pp = 104 mT and an effective g value of about 2. decreasing the temperature this signal shifts to lower fields and gradually broadens, closely following the predictions for the ESR of magnetic nanoparticles systems [23, 24] .
• A very broad resonance line, which is identified in the spectra at low magnetic fields (the LF signal). The peakto-peak line width of this signal ( B pp = 209 mT) is very large as in the case of agglomerates, whose resonance lines are heavily broadened by dipolar fields [25] . Upon decreasing the temperature this signal shifts to lower fields and gradually narrows.
On the HF resonance line three more ESR signals are superimposed, which are clearly seen only at low temperatures due to their paramagnetic behaviour:
• A sharp signal, at g = 2.00, which seems to be due to free radicals, usually found in biological materials [26] .
• A small resonance, at g = 4.3, which is characteristic of magnetically isolated high spin S = 5/2 Fe 3+ ions in a low-symmetry environment [27] . It may be attributed to the Fe 3+ ions in strongly distorted rhombic sites located on the surface of the particle.
• A narrow ( B pp = 19 mT) resonance at g = 2.27, which seems to be attributed to the existence of paramagnetic Cu 2+ complexes, sometimes found in wood [26] . Figure 6 shows the temperature dependence of the resonance field (B res ) and peak-to-peak line width ( B pp ) associated with the HF resonance line. This line narrows as the temperature increases, closely following the predictions for the ESR of superparamagnetic particles [23, 24] . Therefore, it may be expected that the broadening and shift of the resonance signal is associated with a blocking of the magnetization in maghemite nanoparticles.
In general, for a superparamagnetic system of particles having a statistical distribution of shapes and sizes, the simple power relation between the resonance field shift δB res and the line width B pp can be expressed as [23] δB res ∼ ( B pp ) n (5) where n = 2 (3) is predicted for partially (randomly) oriented particles.
In order to test this power relation we have plotted the data of figure 6 on a double logarithmic scale (see figure 7) . It is seen that a straight line with a slope close to 3 (3.08) can well approximate the data. Thus, the broad HF signal is shown to be due to the superparamagnetic behaviour of small isolated randomly oriented maghemite particles. In contrast to this, the LF signal seems to be connected to agglomerates of particles coupled by magnetic dipolar interactions. It occurs at a lower resonance field than the HF signal (see figure 8 ) and it has a considerably larger line width, because the collective spins of agglomerates recognize additional magnetic field, which broadens the ESR line and shifts it in the direction of lower magnetic field. The line width of the LF signal increases with increasing temperature, which may be the signature of thermally induced disruption of agglomerates [28] .
Thus, the temperature behaviour of the observed resonance signals allows one to attribute the HF signal to isolated single domain maghemite nanoparticles and the LF signal to chain-like agglomerates of these particles coupled by magnetic dipolar interactions. Similar resonance signals corresponding to isolated and agglomerated magnetite nanoparticles were previously observed in migratory ant abdomens [29] .
The presented ESR results are in good agreement with the magnetization, susceptibility and TEM measurements and confirm that the magnetic behaviour of the sample is determined by two distinct magnetic distributions, namely, the isolated single domain maghemite nanoparticles and agglomerates of these nanoparticles coupled by magnetic dipolar interactions.
Conclusions
Summarizing, we have presented detailed magnetic studies of ferrofluid-modified spruce sawdust. The experimental results show that the magnetic behaviour of the prepared material is determined by two distinct magnetic contributions. One of them is connected to the presence of isolated single domain maghemite nanoparticles of ∼11 nm in diameter, which exhibit superparamagnetic behaviour above 280 K. The second one is related to the presence of agglomerates of particles coupled by magnetic dipolar interactions.
The obtained results are very promising from the point of view of using the magnetically modified lignocellulose in magnetic separation techniques. This material represents an inexpensive adsorbent and can be prepared in an extremely simple way, both properties of great potential for largescale applications. Its magnetic behaviour is dominated by the superparamagnetic relaxation of isolated single domain maghemite nanoparticles, although a little amount of small chain-like agglomerates is also present. These agglomerates are sufficiently small to show superparamagnetic behaviour at room temperature under static conditions. However, in order to prevent such agglomeration the presented material should be dispersed by means of shakers before next use in magnetic separation procedures.
The magnetic properties of this material enable its rapid and efficient removal not only from solutions, but also from suspensions, so it could be used in a separation process performed directly in unprocessed samples such as waste water, biological fluids and fermentation media [30, 31] .
Further transformation of sawdust prior to the magnetic modification may lead to the preparation of derivatives with substantially higher adsorption capacities. Moreover, the magnetic modification could be performed under different conditions in order to obtain the best magnetic absorbent. The measurements are still continuing and more detailed results will appear in a forthcoming paper.
